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Introduction
The interest in the hydrogen economy as a potential candidate to replace the current fossil fuelbased energy system [1] has motivated extensive research on environmentally-friendly hydrogen production methods. The hydrogen evolution reaction (HER) taking place at a water electrolyser A C C E P T E D M A N U S C R I P T cathode is a scalable yet energy-efficient route [2] which demands earth-abundant catalysts to be commercially viable. Among them, transition metal dichalcogenides (TMDs) and in particular molybdenum disulfide (MoS2) have stood out in the past decade. [3, 4] Their layered structure, analogous to that of graphene, also implies anisotropic properties: only the metallic 1T phase sites located at the Mo-edge planes of naturally occurring MoS2 are active for the HER, [5, 6] whereas the 2H semiconducting basal planes are almost inactive if no defects are present. [7] [8] [9] Several strategies have proven to maximize MoS2 HER activities [10] : triggering the 2H→1T phase transition in basal planes by chemical intercalation [11] [12] [13] or stress/strain effects [14, 15] ; basal plane activation by incorporation of transition metals [16] [17] [18] [19] [20] or other chalcogenides [21, 22] ; and the fabrication of MoSx nanostructures which are defect-rich [23] [24] [25] [26] [27] [28] [29] [30] or have additional S vacancies. [31] [32] [33] [34] [35] [36] However, the in-operando proven role of S atoms as the HER active sites [37] indicates that sulfur-rich MoS2+x materials should also present high HER activities. [38] [39] [40] [41] Our recently reported size-selected MoSx nanoclusters, obtained by magnetron sputtering and gas condensation, [42] were demonstrated to be sulfur-deficient (x = 1.6 ± 0.1) with low crystallinities. In this article we have evaluated the influence of sulfur content in the HER catalysis of MoS2 materials through use of an in vacuo sulfur addition treatment previously developed for freshly deposited, sulfur-deficient (MoSx)1000 nanoclusters. [43] We demonstrate that sulfur evaporation (5 min) followed by annealing treatment (7 min, 215 ± 5 °C) incorporates S in the MoSx nanocluster structure (x = 4.9 ± 0.1), by reducing oxygen-containing Mo surface species and converting the amorphous S2 2- moieties to crystalline S 2- sites, which also extends the crystalline order. A consistent 200 mV shift to lower HER overpotential, along with a twofold increased turnover frequency and more-than 30-fold increase of exchange current density A C C E P T E D M A N U S C R I P T values proves the beneficial role of higher S surface content and crystallinities in the (MoSx)1000 nanoclusters HER catalysis. 1000 nanoclusters deposition and high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) imaging Size-selected MoS2 nanoclusters were produced using a DC magnetron sputtering and gas condensation cluster beam source as shown in Figure 1 from a 2-inch sputtering MoS2 target (PI-KEM, 99.9% purity). [44] The positively charged clusters were accelerated with ion optical electrostatic lenses and then size-selected with a lateral time-of-flight mass filter. [45] A mass of 160000 amu, corresponding to 1000 MoS2 units (designated as (MoS2)1000), was selected for depositing onto an amorphous carbon coated TEM grids (Agar Scientific, 200 Mesh Cu) and onto glassy carbon (GC) stubs (5 mm x 5 mm x 3 mm, mirror finish). The loading of the TEM grid samples was approx. 5% projected surface area coverage (i.e., approx. 5% of the surface covered by clusters), while the loadings of the GC samples were 5%, 10% and 20% projected surface area. The clusters were deposited onto amorphous carbon covered TEM grids and GC stubs with an impact energy of 1.0 eV and 1.5 eV per MoS2 unit, respectively. Sulfur addition was conducted in a sulfur atmosphere created by evaporating sulfur using a home-built in-situ thermal evaporator (5 min). Annealing (7 min, 215 ± 5 °C) was performed with an electron beam bombardment heating stage. The temperature was monitored using a pyrometer (IMPAC Pyrometer, IPE 140). Scanning transmission electron microscopy (STEM) images were acquired with a 200 kV spherical aberration-corrected STEM (JEOL 2100F) in the high-angle annular dark-field (HAADF) mode [46, 47] .
Experimental

(MoS x )
Physical characterization of (MoS x ) 1000 nanoclusters: X-ray photoelectron spectroscopy (XPS)
A C C E P T E D M A N U S C R I P T XPS spectra were recorded using a Kratos Axis SUPRA fitted with a monochromated aluminium source (Al Kα, 1486.69 eV) and a charge neutraliser. Samples were mounted on silicon wafers by use of silver epoxy, and affixed to a sample bar using carbon tape. Wide scans were recorded using pass energies of 160 eV and high-resolution scans were recorded using pass energies of 20 eV and an analysis area of 30 μm Torr using an emission current of 15 mA. All high-resolution spectra were corrected to the adventitious C 1s peak at 284.6 eV, and deconvoluted using the CasaXPS 2.3.18 software, applying a Shirley background correction before individual peak deconvolution. Mo a ObSc is used to refer to the molybdenum oxysulfide species: the superscript a represents the oxidation state of Mo, whilst the subscripts b and c the stoichiometry of O and S atoms in the specific oxysulfide.
Electrochemical characterization
All electrochemical measurements were performed in a conventional 3-electrode electrochemical setup comprising a thermostatted two-compartment cell (295± 2K), the first compartment containing both a saturated calomel reference electrode (SCE, BAS Inc., Japan) and 5 mm diameter, 3 mm thick glassy carbon working electrodes (GC) type 2 stubs (Alfa Aesar, U.K.) modified with as deposited or sulfur evaporated and annealed (MoSx)1000 nanoclusters; and a second compartment containing a bright Pt mesh counter electrode (Alfa Aesar, U.K.). All experiments were conducted using a PC-controlled PGSTAT128N potentiostat (Metrohm Autolab B.V, Netherlands). GC samples were polished to until a mirror finish was achieved by use of decreasing size diamond (45 to 3 μm) and alumina slurries (1 to 0.05 μm) on a Buehler MetaServ 250 automatic polisher using Trident/Microcloth polishing pads. All GC samples were immediately tested after nanocluster modification, being transported to the electrochemical cell in a N2-saturated sealed container to avoid exposure to air. The nanocluster-modified GC stubs were embedded in a E4TQ ChangeDisk RDE Tip and electrically connected to a E4 Series nm. This is due to the morphological reconstruction of MoSx clusters with the added sulfur. In contrast to the as-deposited clusters, the sulfurised clusters shown in Figure 2d and 2e present rather crystalline structures, which can also be confirmed by their FFT patterns (inset). The sulfurised clusters retain the layered structure with 3 to 4 layers-thick. The Moiré pattern shown in Figure 2e indicates a misorientation between layers, which can be commonly found in the sulfurised clusters with 3 or more layers. Given that sulfur is long known to sublime at
temperatures well below 100 °C, [50, 51] we can conclude that the crystalline structures come from the chemical bond between the added sulfur and the clusters, and that the structural modification into crystalline clusters mainly takes place within the 2D layers.
XPS measurements were acquired from molybdenum sulfide clusters deposited onto amorphous carbon TEM grids to investigate the degree of sulfur incorporation. The highresolution Mo 3d and S 2p spectra of the as-deposited molybdenum sulfide nanoclusters reveal a complex surface composition (see Fig. 3a ). The Mo spectra (Fig. 3, top row) could not be solely deconvoluted into the Mo species yields a close-to-stoichiometric but still S-deficient ratio (1:1.9±0.1), similar to that found in our previous investigations. [42, 57] Likewise, high-resolution XPS spectra on the sulfur-evaporated and annealed (MoSx)1000 nanoclusters ( Fig. 3c) reveal an almost total conversion of oxidized Mo species to Mo , respectively (see Table S1 ESI).
These are in good agreement with the results obtained for (MoS0.9)300 nanoclusters, which presented a higher cluster loading (ca. 3.5 μg cm ). This indicates that the sulfurisation treatment does not modify the mechanism under which the HER operates: for slopes close to b≈ 120 mV dec -1 this is the Volmer mechanism, its rate-limiting step being the electroadsorption of monoatomic hydrogen. [59] Previous reports on amorphous MoSx catalysts have reported Tafel revealed that electron hopping only occurs between metallic 1T domains bounded by semiconducting 2H regions, and therefore is limited . [75] On a separate note, it is also noteworthy to explore which are the potential HER active sites in 
Evaluation of figures of merit and catalyst benchmarking
Further catalyst benchmarking by turnover frequency (TOF) and exchange current density (j0) analysis also demonstrates the HER enhancement observed. For 5% surface coverage, as- (Ni-MoS2)1000 nanoclusters (3-fold increase in j0 but lower TOF after doping), [57] indicating that the synergistic effect of sulfur enrichment and improved crystallinity prevails over a S-edge activation strategy on as-deposited MoSx nanoclusters.
recently-reported MoS2-based catalysts from the literature. (Table S3 ESI ), a metric widely accepted in the noble metal electrocatalysis community (see Table S3 at 20% coverage (see Table S1 ESI). For |ηhalf max|, mass activities are in the 1000 mA mg 
Conclusions
In summary, the initially sulfur-deficient (MoS1.9)1000 size-selected nanoclusters obtained by 
